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ABSTRACT 
In this paper a Radio Frequency (RF) method for drying 
defeated soy flower is developed using a class E 
amplifier. The raw and uncooked soy flour contains a few 
undesirable inherent soybean enzymes. Minimizing the 
content and effect of these enzymes usually is done 
through “drying/heating” methods. The method used in 
this study is “RF dielectric heating”. 
Modelling, simulation and implementation results 
complete the paper. 
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1. Introduction 
 
Soya beans are an important component of the earth’s 
food supply, and much interest is manifest in their 
processing for human consumption. The raw and 
uncooked soy flour contains a few undesirable inherent 
soybean enzymes, such as:  
 Lipoxygenase: an enzyme that catalyses the oxidation 
of polyunsaturated fatty acids to form a peroxide of the 
acid [1] [2]. 
 Trypsin inhibitor [2] [8]: small protein synthesized in 
the exocrine pancreas which prevents conversion of 
trypsinogen to trypsin, so protecting itself against trypsin 
digestion. Pancreatic trypsin inhibitor competitively binds 
to the active site of trypsin and inactivates it at a very low 
concentration. The binding is amongst the strongest 
noncovalent associations, but only a fraction of the 
potential trypsin is so inhibited [8]. 
 Urease:  an enzyme that catalyses the decomposition 
of urea to ammonia and carbon dioxide [9]. 
Fortunately, these enzymes can be deactivated by either 
moist or dry heat [10]. The former is more effective but 
requires further costly drying steps.  
The reduction in the activity of these enzymes can easily 
be measured in a laboratory. Urease requires a longer heat 
treatment than trypsin inhibitor to be deactivated [8] [10]. 
Therefore, many laboratories use the urease test to 
monitor the destruction of the other harmful enzymes [1, 
2, 3, 8, 9, 10]. 
Minimizing the content and effect of these enzymes 
usually is done through “drying/heating” methods. There 
are several methods in use to dry grain products, for 
example: 
 Hot-air drying process, it is when food is dried, hot 
dry air comes into contact with the grain, the hot air 
removes the moisture from the grain products, and during 
the process the new hot air will continue until all the 
moisture is removed [10]. 
 Resistive/ohmic heating (sometimes also referred to as 
Joule heating, electrical resistance heating, direct 
electrical resistance heating, electro heating, and electro-
conductive heating) is defined as a process wherein 
(primarily alternating) electric currents are passed through 
foods or other materials with the primary purpose of 
heating them. The heating occurs in the form of internal 
energy generation within the material [10, 11]. 
 Infrared heating: infrared energy is simply absorbed 
and converted to heat to the extent of heating by radiant 
energy and depends on surface characteristics and colour 
of food and used to alter the eating qualities by changing 
the surface colour, flavour and aroma. 
 Radio-frequency (RF) dielectric heating or microwave 
dielectric heating, induces molecular friction in mater 
molecules to produce heat, is determined in part by the 
moisture content of food [4, 5, 10, 12]. The basic 
arrangement for a dielectric heating system is that of a 
capacitor in which the material to be heated due to the 
dielectric stress. The heat generated in the material is 
proportional to the loss factor, which is the product of the 
dielectric constant and the power factor. The power factor 
of most dielectric materials is quite low at low frequencies 
therefore the range of frequencies employed for dielectric 
heating extends from a few MHz to a few GHz [5, 6, 7]. 
More specific, in [4], The US Federal Communications 
Commission (FCC), has allocated some frequencies for 
industrial applications 13.56 MHz, 27.12 MHz and 40.68 
MHz and. 
Further, in second section, this paper analyses soy flour as 
a dielectric under high frequency electromagnetic field. 
Chapter 3 analyses RF method for drying defeated soy 
flower is developed using a class E amplifier followed by 
modelling and simulation. Experimental model 
implementation and practical results complete the paper. 
 
2. Problem definition 
 
2.1 Soy flour as dielectric 
 
From electric point of view, soy flower is a dielectric. The 
term dielectric comes from dia- (“through”) + electric [7]. 
The term “isolator” means that the material will have a 
very low electrical conduction whereas the term 
“dielectric” is used to describe materials with very high 
polarization ability, which sometimes is called the 
dielectric constant of a material. A good example of a 
dielectric is the insulating material between the two metal 
plates of a capacitor. In this study, a cylindrical capacitor 
filled with soy flower was built for measurements and 
tests. 
Most food, grain and soy products behave like 
capacitors with loss dielectrics, the fact that it can store 
electrical energy when subjected to an electric field make 
them behave like capacitors and dissipate electrical 
energy in the form of heat like resistors do. The ability to 
dissipate electrical energy and store energy can be linked 
to the dielectric properties of the dielectric material that 
depend on the electric field frequency. 
The dielectric properties of a material can be described 
in terms of the complex permittivity: 
* ' ''j     (1) 
The real part ε' of the relative permittivity, also known 
as the relative dielectric complex constant and it refers to 
the ability of the dielectric material to store energy in the 
presence of an electric field. The relative permittivity ε' = 
1 and is constant for hundreds of MHz [13] [17]. The 
imaginary part ε", also known as the relative electric loss 
factor and it refers to the ability of the dielectric material 
to store energy when an electric field is connected, which 
results in heat generation. The dielectric constant and loss 
factor of biological materials are dependent on the 
following factors: temperature, frequency and 
composition. A too high loss factor would result in small 
penetration depths, which cause skin heating and if the 
loss factor is low the material is transparent to the 
electromagnetic wave [13-17]. 
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where, subscripts d and σ stand for dipole rotation and 
ionic conduction (S/m); f is the frequency of the 
electromagnetic wave in Hz, ε0 is the permittivity of free 
space (8,842∙10-12 F/m). The dielectric loss factor ε” can 
be expressed as:  
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Where tan δ is an indication of the power loss in a 
dielectric material and it called the loss angle of the 
dielectric material. When the loss angle is greater than 10 
the material is then called a good conductor and when it is 
smaller than 1 it is referred to as a good insulator [16]. 
When an electromagnetic waveform is connected to a 
biological material, part of the electromagnetic energy is 
absorbed by the material and converted into heat. The 
power absorbed in a dielectric material depends on the 
dielectric properties (loss factor), frequency and electric 
field strength of the electromagnetic wave connected to 
the material. 
2
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where, P is the power per unit volume in W/m3, E is the 
electric field strength in V/m. The typical loss factor is 
between 2 and 100, to evaporate the moisture content in a 
material it will be find that the energy processes have to 
include the latent heat component in the formula [5] [6]. 
 
2.2 Analysis of soy dielectric constant at high 
frequency 
As presented before, any dielectric (soy flower in this 
case) has permittivity (ε) depending on frequency. The 
test cylindrical capacitor/canister filled with soy flower 
was connected to an impedance meter TE 1000 in order to 
determine the electrical parameters in the megahertz range 
(Figure 1). The results are presented in Figure 2, 3, 4 and 
Table 1. 
 
 
 
Figure 1. Testing system 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Equivalent series resistance versus frequency 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Capacitance versus frequency 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Quality versus frequency 
 
Table 1. Soy Flour equivalent parameters for some 
recommended frequencies 
Frequency 
(MHz) 
Series 
Resistance 
(Ω) 
Capacitance 
(pF) 
Reactance 
(Ω) 
Quality 
Factor 
Relative 
Permittivity 
9.04 25.2 22.1 -802 31.2 2.47 
13.56 12.3 21.8 -539 43.7 2.47 
27.12 11.7 20.9 -276 22.5 2.47 
 
For this application the recommended frequency of 
13.56 MHz was used. 
 
2.3 Finite Elements Analysis 
 
Further and assuming that we can generate an 
electromagnetic field of 200 V peak value at 13. 56 MHz, 
Finite Elements Analysis (QuickField) was used to 
determine the electromagnetic field distribution into the 
soy flour in the testing device. Figures 5 and 6 show the 
radial distribution of main electromagnetic parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Electric field distribution 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Stress parameters 
 
3. Radio Frequency Generator 
 
As mentioned before [4, 5, 6, 7], the method of dielectric 
heating implies applying a high frequency electric field 
upon the soy flower. The power dissipated in the soy 
flower depends not only on the frequency but also the 
level of electric field density E see eq. (4); the higher E is 
more power is dissipated. The high level of E is obtained 
using a radio frequency generator coupled with an RF 
amplifier. The amplifier could be linear [18] or class E 
[19-22] or class C-E [19]. 
 
3.1 Class E Amplifier 
 
Figure 7 shows a Class E amplifier slightly modified; the 
resistive load RL from the classis topology was removed 
and entire power to be dissipated on internal Rs resistance 
of the soy flower. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Class E Simplified diagram 
 
 
3.2 Frequency domain analysis 
 
To find the values of the parameters of this amplifier, we 
analyse the model in frequency domain. During this 
analysis were used measured parameters as recommended 
from [12], [20]: operating frequency of 13.56 MHz, 
quality factor of the test sample of 43.7 and equivalent 
impedance of: Zeq. = 12.3 –j539 Ω 
Series inductor Lo in our diagram is formed from the 
tuning inductor Lt and a virtual “detuning” inductor Ld 
[12], [20]: 
o t dL L L   (5) 
The value of tuning inductor is given from the 
resonant condition with capacitive reactance: 
539t C oL X    (6) 
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Detuning inductor could be determined as [12], [20] 
taking its quality factor of 10: 
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Electric field distribution 
 
RMS Voltage Distribution 
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Dielectric Stress Distribution 
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Active power distribution 
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Hence: 
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Now, the value of the capacitor C1 together with 
output capacitance of the switch/mosfet, used in our 
application (ARF446_Coss = 90 pF), could be determined 
[12], [20]: 
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According to [20], [21], [22] the value of LFRC should 
be “large enough”; for this application we chose: 
LFRC = 120 μH (14) 
 
3.3 Simulation validation 
 
The results-value of critical components obtained during 
frequency analysis have been included into a “SIMetrix” 
model (see Figure 9) supplied from a 12 V power supply.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Simulation model 
 
Signal generator provided a 5Vpp, 13.56 MHz with 
50% duty cycle to drive the switch/mosfet. The 
parameters monitored were the voltage across “canister 
test” RsCo, drain voltage, supply current shown in Figures 
9, 10 and 11. 
From Figure 12 one can observe Vout-rms = 384 V, Iout-
rms = 0.689 A and that the average-active power (brown 
trace) into resistive part of the test device is 6.38 W which 
results in power factor of cos φ = 0.024 leading. This 
value is in concordance with the measurements done for 
soy flour parameters at 13.56 MHz: 
012.3 539 539.1 88.69eqZ j      (15) 
Which gives: 
 0cos 88.69 0.0229  (16) 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 Drain-source voltage (blue), input signal 
(green) and supply voltage (red) 
 
 
 
Figure 11 Drain-source voltage (blue) and output voltage 
(pink) 
 
 
Figure 12 Output parameters: voltage (pink), current 
(green) and power (brown) 
 
 
4. Experimental Validation 
 
Figure 13 shows experimental setup. For measurement, 
Tektronix DS5104 oscilloscope has been used. The 
parameters examined were main switch (Figure 14), 
drain-source voltage and output voltage (Figure 15) and 
output parameters: voltage (pink) and current (green) 
(Figure 16). 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 13. Experimental set up. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Switch parameters: gate (pink) drain-source 
voltage (blue) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Output voltage (pink) and drain-source voltage 
(blue) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16 Output parameters: voltage (pink) and 
current (green) 
 
After settling the tuning of the RF Heater on 13.56 
MHz and running for about 30 minutes, the temperature 
distribution was firstly evaluated with thermal camera 
ESAIR-0 and the result could be observed in Figure 17. 
 
 
 
 
Figure 17 Apparent temperature distribution 
 
The testing device is thermal isolated and the reading 
of thermal camera appears on the top disc and central 
coper rod. From this picture could be seen a non-uniform 
radial temperature distribution as was foreseen during the 
finite elements analysis (see Figure 6 about active power 
distribution).  
Then a thermocouple probe was introduced into the 
soy flour and the reading of the temperature can be 
observed in Figure 18. There is some uncertainty about 
this result due to the fact that the position of the probe was 
not very well defined.  
 
 
 
Figure 18 Soy flour temperature after 30 minutes 
 
 
5. Conclusions 
 
This paper presented design, simulation and 
implementation of radiofrequency generator based on 
class E amplifier. The experimental results resemble 
simulation even with some differences; simulation model 
could not take effect of too many parasitic elements 
present in the experimental model.  
 
 
 
 
The temperature induced into soy flour is significant as 
could be seen in Figure 18. 
All these results validate the concept of RF heating using 
this cost effective generator described, designed and 
implemented in this study. 
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